The maternal signs of preeclampsia, which include the new onset of high blood pressure, can occur because of faulty placentation. We theorized that transcriptomic analyses of trophoblast subpopulations in situ would lend new insights into the role of these cells in preeclampsia pathogenesis. OBJECTIVE: Our goal was to enrich syncytiotrophoblasts, invasive cytotrophoblasts, or endovascular cytotrophoblasts from the placentas of severe preeclampsia cases. Total RNA was subjected to global transcriptional profiling to identify RNAs that were misexpressed compared with controls. STUDY DESIGN: This was a cross-sectional analysis of placentas from women who had been diagnosed with severe preeclampsia. Gestational age-matched controls were placentas from women who had a preterm birth with no signs of infection. Laser microdissection enabled enrichment of syncytiotrophoblasts, invasive cytotrophoblasts, or endovascular cytotrophoblasts. After RNA isolation, a microarray approach was used for global transcriptional profiling. Immunolocalization identified changes in messenger RNA expression that carried over to the protein level. Differential expression of noneprotein-coding RNAs was confirmed by in situ hybridization. A 2-way analysis of variance of non-coding RNA expression identified particular classes that distinguished trophoblasts in cases vs controls. Cajal body foci were visualized by coilin immunolocalization. RESULTS: Comparison of the trophoblast subtype data within each group (severe preeclampsia or noninfected preterm birth) identified many highly differentially expressed genes. They included molecules that are known to be expressed by each subpopulation, which is evidence that the method worked. Genes that were expressed differentially between the 2 groups, in a cell-typeespecific manner, encoded a combination of molecules that previous studies associated with severe preeclampsia and those that were not known to be dysregulated in this pregnancy
I n many ways the placenta steers the course of pregnancy. 1 Preeclampsia is one of the great obstetrics syndromes that also include intrauterine growth restriction, preterm labor, preterm premature rupture of membranes, late spontaneous abortion, and placental abruption. 2 They share the common feature of being associated with defects in deep placentation; the depth to which cytotrophoblasts invade the uterus is relatively shallow compared with normal pregnancies. This oftentimes is accompanied by aberrations in physiologic transformation of the spiral arteries. 2, 3 How this common denominator diverges into the disparate signs of each condition is not understood. Preeclampsia, which affects 3e7% of pregnancies in developed countries, is diagnosed according to the maternal signs that include the new onset of high blood pressure and, variably, proteinuria. 4 Severe (and early-onset) preeclampsia (sPE) entails exacerbation of the hypertension or new findings such as thrombocytopenia, impaired liver function. 5, 6 Preeclampsia is also a major cause of premature birth and low birthweight. 7 Beyond pregnancy, the development of a pregnancy complication that is associated with faulty placentation, such as preeclampsia, positively correlates with an elevated relative risk of Original Research ajog.org maternal cardiovascular disease years later. 8 The association between preeclampsia and abnormal placentation has been the impetus for studies aimed at understanding the origins and dimensions of the latter defects. At a morphologic level, abnormalities in formation of the placental bed are thought to be particularly important. Cytotrophoblast invasion of the uterine wall is variably shallow rather than deep. More consistently, cytotrophoblast remodeling of uterine spiral arteries is incomplete, which has the net effect of reducing maternal blood flow to the placenta. 9 At a molecular level, cytotrophoblast differentiation along the pathway that leads to uterine invasion is abnormal, as demonstrated by deficits in the elaborate switching of stage-specific antigens that normally enable invasion, vascular mimicry, and their cohabitation of the decidua with the unusual maternal immune cells that reside in this location. 10 In addition to morphologic and targeted molecular analyses, investigators are also applying global transcriptional profiling approaches to better understand the placental defects that are associated with preeclampsia. To date, these studies have focused on chorionic villi, 11, 12 the maternal-fetal interface, 13 or purified cytotrophoblasts as they differentiate along the invasive pathway in vitro. 14 These studies have the advantage of being unbiased therefore enabling the de novo discovery of misregulated genes.
However, the global transcriptional profiling approaches that have been applied to date all have certain disadvantages. In tissue-based analyses, signals from the cell types of interest are diluted by the many other cell types that contribute to the gene expression signature of the sample. Cultured cytotrophoblasts, although a more homogenous cell type, may not wholly recapitulate differentiation along the invasive pathway in the absence of maternal cells and the signals that they provide. To circumvent these problems, we applied a laser microdissection approach to placentas from sPE pregnancies. This enabled the enrichment and transcriptional profiling of specific trophoblast subpopulations: syncytiotrophoblasts (STBs), invasive cytotrophoblasts (iCTBs) and endovascular cytotrophoblasts (eCTBs). The results revealed novel aspects of gene expression in each of the cell types that we examined, which could be useful sPE biomarkers if they appear in maternal blood. The data also suggested new theories about the pathogenesis of sPE, particularly in terms of the placental manifestations.
Materials and Methods

Study design
This was a case-control study with the goal of the identification of changes in trophoblast gene expression in sPE compared with noninfected preterm birth (nPTB). The American College of Obstetrics and Gynecology criteria were used to identify patients with preeclampsia 5, 15 : (1) the new onset of hypertension measured on 2 occasions of least 4 hours apart: blood pressure !140 mm Hg (systolic) or 90 mm Hg (diastolic) in a woman who was normotensive at <20 weeks of gestation; and (2) the appearance of proteinuria: excretion of !300 mg in a 24-hour period or protein/creatinine ratio !0.3 mg/dL or dipstick reading of 1þ, which is used only if other quantitative methods are not available. SPE was also diagnosed with American College of Obstetrics and Gynecology criteria 5, 15 based on additional signs and symptoms: systolic blood pressure !160 mm Hg and/or diastolic pressure !110 mm Hg on 2 occasions at least 4 hours apart while the patient is on bed rest, proteinuria of !5 g in a 24-hour period or 3þ on urine dipstick, hemolysis (peripheral blood smear and/or lactate dehydrogenase !480 U/L), elevated liver function (serum glutamic oxaloacetic transaminase !64 U/L or serum glutamic-pyruvic transaminase !80 U/L), thrombocytopenia (platelets 100,000), oliguria ( 500 mL in 24 hour), creatinine !1.1 mg/dL or a doubling of the serum creatinine concentration with no known renal dysfunction/disease, cerebral or visual disturbances, and/or convulsions with no history of seizure disorders.
As controls, samples were obtained from women who delivered because of nPTB, diagnosed according to the criteria recommended by Herron et al, 16 including regular uterine contractions at >20 or <37 weeks of gestation, which are 5e8 min apart and accompanied by !1 of the following events: (1) progressive changes in the cervix, (2) cervical dilation !2 cm, and/or (3) cervical effacement !80%. Patients with evidence of inflammation were excluded on the basis of the following criteria: maternal fever >100. 4 F, uterine tenderness, fetal tachycardia (fetal heart rate >160 beats per min), and/or (placental) histologic criteria compatible with inflammation. [17] [18] [19] Women with preexisting medical conditions such as thyroid insufficiency, chronic hypertension, or diabetes mellitus were excluded from the case and the control groups. Other exclusion criteria included premature rupture of membranes and/or fetal anomaly. The University of California San Francisco Institutional Review Board (Committee on Human Research) approved this study. Written informed consent was obtained from all donors.
A laser microdissection approach was used to isolate STBs, iCTBs, and eCTBs. Total RNA that was purified from each sample type was subjected to microarray analyses, which enabled the identification of misexpressed transcripts. An immunolocalization approach was used to identify sPE-associated alterations in messenger RNA (mRNA) abundance that carried over to the protein level. A 2-way analysis of variance (ANOVA) dentified changes in the expression of non-proteincoding RNAs that tracked with sPE. An in situ hybridization approach was used to verify the latter data. Immunolocalization of coilin enabled enumeration of Cajal body foci, sites of small nucleolar RNA (snoRNA) activity. serum, and transferred on ice to the laboratory for immediate processing. The clinical characteristics of the sPE and nPTB pregnancies are summarized in the Table. Additionally, we verified at gross and histologic levels that spiral artery invasion was deficient in sPE and normal in nPTB biopsy specimens.
Laser microdissection and RNA isolation We used laser microdissection to enrich for STBs, iCTBs, and eCTBs from placentas of pregnancies that were complicated by sPE or nPTB (n¼4 per group). Briefly, the chorionic villi with the attached portions of the basal plate from 3 regions of the placenta were washed repeatedly in cold PBS to remove blood. Unfixed specimens (1 Â 1 Â 0.5 cm) were placed in embedding molds that contained optimal cutting temperature medium (OCT), frozen over a dry ice/ ethanol slurry, and stored at e80 C.
The blocks were sectioned at 20 mm with a cryostat (Leica CM3050; Leica Biosystems, Buffalo Grove, IL). The sections were mounted on ultraviolettreated polyethylene naphthalatemembrane slides (Thermo Fisher Scientific Inc, Waltham, MA), and stored under dry ice before laser microdissection later that day. Immediately before the procedure, sections were immersed in cold PBS until the OCT dissolved (approximately 1 minute), dipped in 0.1% toluidine blue for 30 seconds, washed in cold PBS, dehydrated (30 seconds per treatment) in a graded ethanol series (75% Â 2, 95%, 100%), then rapidly dried with compressed nitrogen. All solutions were made with nuclease-free water. STBs, iCTBs, and eCTBs were laser dissected (Leica LMD 7000; Leica Biosystems) and collected directly into RLT Plus (cell lysis) Buffer (Qiagen RNeasy Plus Micro kit; Qiagen, Valencia, CA).
Total RNA was isolated according to the manufacturer's protocol, and concentrations were measured photometrically (NanoDrop 2000c; Thermo Fisher Scientific Inc). RNA integrity was determined via microfluidic phoresis (Agilent Bioanalyzer 2100; Agilent Technologies, Santa Clara, CA) in which a fluorescent dye was introduced into RNA, detected, and translated into gellike images (bands) and electropherograms (peaks). The samples were stored at e80 C before analysis.
Microarray analyses
Global RNA profiling was accomplished with the GeneChip HuGene 2.0 ST array (Affymetrix, Santa Clara, CA). Sample processing and hybridization were done according to protocols that were devised by the University of California San Francisco Gladstone Genomics Core Facility. Gene level expression data quality was confirmed, normalized (robust multiarray average) and summarized (Affymetrix Expression Console Software; Affymetrix). Significant differential expression was determined with the limma package with ANOVA in R to identify genes with an absolute linear fold change !2 and an adjusted probability value of <.05. 20, 21 The data were deposited in Gene Expression Omnibus (accession number GSE93839).
Gene set enrichment analysis To identify biologic processes that were significantly overrepresented (sPE vs nPTB) in the various trophoblast subtypes, we used gene set enrichment analysis (preranked; Gene Set Enrichment Analysis software, Broad Institute, Cambridge, MA). 22 The data were summarized in the form of a Trellis plot that was generated in OriginPro (OriginLabs, Northhampton, MA). The same approach was used to identify chromosomal locations that were enriched in genes that were differentially expressed in sPE.
Immunolocalization
Three to 4 samples from each pregnancy group, sPE, or nPTB other than those used for the microarray analyses were analyzed. The antibodies we used are listed in Supplementary Table 1 along with the sources and working concentrations.
We published the methods that we used. 23 Briefly, biopsy specimens of the basal plate were fixed in 3% paraformaldehyde for 1 hour, washed 3 times in PBS, infiltrated with 5e15% sucrose followed by OCT, and frozen in liquid nitrogen. Sections (approximately 10 mm) were cut on a Leica cryostat and mounted on glass slides. They were rehydrated in PBS for 20 minutes; nonspecific reactivity was blocked by incubation in 3% bovine serum albumin/0.1% Tween 20 (Thermo Fisher Scientific Inc) at room temperature for 30 minutes. The sections were incubated at 37 C for 1 hour with primary antibodies. Then they were washed 3 times with PBS before they were incubated for 30 minutes at 37 C with species-specific secondary antibodies (conjugated to a fluorescent reporter) and diluted in PBS. Finally, they were washed 3 times in PBS.
Vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) was used to visualize nuclei. Controls included omission of the primary antibody or secondary antibody. The tissue sections were examined and images were captured with a Leica DM5000 B microscope (Leica Biosystems).
Isolation of iCTBs and eCTBs was purified with the use of published methods. 24, 25 Briefly, chorionic villi were subjected to a series of sequential enzymatic digestion steps that sluffed the outer STB layer and removed the underlying cytotrophoblasts, which were isolated by centrifugation on a Percoll density gradient. Only cell preparations that were >90% pure as determined by cytokeratin staining were used in experiments.
ANOVA
We used OriginPro (OriginLabs) software to perform a 2-way ANOVA that identified noneprotein-coding RNA classes that were significantly differentially expressed (sPE vs nPTB).
In situ hybridization
Expression of the non-coding RNA urothelial cancer-associated 1, which is the most highly up-regulated noneproteincoding RNA in STBs, was confirmed in 4 sets of sPE/nPTB samples by using an in situ hybridization approach according to the manufacturer's instructions (Stellaris RNA FISH; LGC Biosearch Technologies, Novato, CA).
Enumeration of Cajal body foci
We found sPE-associated misregulation of snoRNAs. Because Cajal bodies are sites of their activity, we visualized these subnuclear foci by immunolocalization of coilin, which is a structural component of Cajal bodies. The method we used was described earlier. A serial set of images (Z-stacks) that enabled a 3-dimensional reconstruction were collected by confocal microscopy (Leica SP5; Leica Biosystems), and 100 cells/ sample were analyzed with Volocity Software (Perkin Elmer Life Sciences, Boston, MA), which enabled automated counting of the number of Cajal body foci/nucleus. The results were summarized in a box and whiskers plot that shows the median and range.
Results
Laser microdissection of trophoblast subtypes
We used a laser microdissection approach to analyze the gene expression patterns of trophoblast subpopulations in sPE. We focused on STBs, iCTBs within the superficial decidua, and eCTBs. The location of these cells, which was at the surface of chorionic villi, the uterus, and arterial walls, respectively, facilitated their isolation. Because cells at the periphery of the microdissected area are vaporized, we used a laser path that obliterated the underlying cells and enriched for the trophoblast subtype of interest. Photomicrographs of the process are shown in Figure 1 .
Global transcriptional profiling of trophoblast subtypes (sPE vs nPTB)
As a proof of concept that the approach worked, we asked whether we observed the expected differences in the transcriptomes of the trophoblast subpopulations within each dataset. The results for the sPE and nPTB samples are shown in Supplementary Figures 1 and 2 , respectively. As a group, these datasets contained many highly differentially expressed genes, which was the expected result given the large phenotypic differences among these trophoblast populations. We also observed the upregulation of mRNAs that encoded proteins, which are known to be expressed differentially by each subpopulation. Examples in the STB samples ( Supplementary Figures 1, A , and 2, A) included genes that were involved in steroid hormone synthesis, human chorionic gonadotropin subunits, pregnancyspecific proteins, the transferrin receptor, and endogenous retroviruses that have been implicated in cell fusion, 26 which is a process that is required to produce the multinucleated trophoblast sheet that covers the surface of chorionic villi.
ICTBs and eCTBs that were isolated from the nPTB samples (Supplementary Figure 2 , B and C, respectively) had the most similar transcriptional profiles, ajog.org OBSTETRICS Original Research which is consistent with the fact that these 2 cell types lie on a continuum of differentiation along the invasive/extravillous pathway. In contrast, there were much greater differences between these 2 cytotrophoblast populations in sPE (Supplementary Figure 1 , B and C, respectively), which is in accord with the concept that this pregnancy complication is associated with defects in this differentiation pathway.
In the iCTB vs eCTB comparison, we also observed patterns of modulation that were expected, such as the downregulation of cadherin 1, which we previously reported, 25 and JAM2, which is consistent with the loss of apical-basal polarity that is coincident with cytotrophoblast invasion. We also observed the opposite pattern of regulation (higher expression in eCTB than iCTB) for molecules that we previously showed were up-regulated during vascular invasion (eg, VCAM) . 27 Together, these results suggested that laser microdissection had enriched the trophoblast subpopulations of interest.
Next, we compared the gene expression profiles of particular trophoblast subtypes in sPE and nPTB. Supplementary Figures 3, 4 , and 5 summarize the global transcriptional profiling data for STBs, iCTBs, and eCTBs, respectively. The results are shown as a heatmap, which is a graphic representation of the results in which RNA expression levels are depicted as colors. Previously, we showed that the placenta and placental bed were essentially normal in nPTB. 17 Subsequently, this study design, which compared gene expression in sPE vs nPTB, enabled us to pinpoint changes in placental gene expression that are specific to the former syndrome 13, 14 rather than attributable to alterations that occur with advancing gestational age. 28 Gene ontology analyses revealed the many biologic processes that sPE impacted in each trophoblast subtype that was profiled (Figure 2 ). With regard to STBs, several aspects of immune functions emerged. This result was in line with the 2-stage theory of preeclampsia in which the first stage, faulty placentation, leads to the second stage, an inflammatory response. 29 Morphogenesis was also affected, which is consistent with sPE-associated diseases of the syncytium, which include TenneyParker changes and other STB lesions. 17 In addition, transport was altered, which was in keeping with the fact that the newborn infants in the sPE group had significantly lower birthweights than those in the nPTB category. That transcription was altered went along with our RNA profiling results that showed the differential expression of numerous genes and noneprotein-coding RNAs (Supplementary Figures 3e5) . The results of this analysis also bolstered the evidence that vascular endothelial growth factor, 30, 31 progesterone actions, 32 and disordered protein serine threonine kinase signaling (eg, downstream of vascular endothelial growth factor 33 ) are involved in sPE pathogenesis as related to STBs.
With regard to cytotrophoblasts, we found that the effects of sPE were specific to each subtype that we profiled. In terms of the iCTB population, there was again evidence that immune-related functions were impacted. Of particular interest were the effects on cellular movement because cytotrophoblast invasion is shallow in sPE. 2 The identification of pathways that are related to lipid, oxygen, and tumor necrosis factorebeta responses was consistent with the roles of dyslipidemia, 34 oxidative stress, 35, 36 and activin signaling, 37 respectively, in sPE pathogenesis. Effects at the level of the cell cycle and DNA metabolism could be related to iCTB 
Photomicrographs depict laser microdissection of trophoblast subpopulations
Tissue sections of unfixed frozen specimens of a placenta that were obtained at the time of delivery from a pregnancy that was complicated by severe preeclampsia were stained with toluidine blue, which enabled visualization of the cellular architecture. Original Research OBSTETRICS ajog.org apoptosis in sPE. 38 Finally, the pathways that were specific to eCTBs included metabolism of small molecules. Regulation of vascular development was in keeping with the fact that these cells fail to assume a vascular phenotype in sPE. 27 Finally, intracellular signaling was also perturbed.
As to specific genes, the most highly up-regulated mRNA in the STB data set (Supplementary Figure 3) encoded proteoglycan 2 (PRG2). This protein, which is also known as (eosinophil) major basic proteine1, is toxic to mammalian cells and to bacteria and helminths. 39 Other mRNAs that were up-regulated in STBs from sPE placentas included FOS, FOSB, and JUNB. FOS and JUN family members dimerize to form the activating protein-1 transcription factor complex, which is a regulator of trophoblast differentiation. 40 Expression of FSTL3 was also elevated. The protein that this mRNA encodes, follistatin-like 3, inhibits the actions of activin, which is a stimulator of follicle-stimulating hormone production and antagonist of bone morphogenic protein signaling. 41 It was reported as up-regulated in chorionic villus samples of women who went on to experience preeclampsia. 42 In accord with this result, elevated FSTL-3 at mid gestation was associated with an increased risk of the development of this pregnancy complication. 43 The upregulated group also included MTSS1L (or ABBA), which is a signal transduction molecule that links the plasma membrane to the actin cytoskeleton.
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RDH13 was also in this category. This mitochondrial short-chain retinol dehydrogenase/reductase is hypothesized to protect cells from oxidative stress. 45 The mRNA encoding KELL was also up-regulated. This blood group antigen is third in importance behind the ABO and Rh systems in terms of transfusion reactions because of the immunogenicity of some of the Kell glycoprotein antigens. 26 Finally, we also detected elevated levels of mRNAs encoding molecules that have varying degrees of utility as biomarkers of preeclampsia: INHBA, FLT1, and ENG. 46, 47 This finding suggested that the more highly differentially expressed genes in this dataset might be interesting to explore in this context.
The down-regulated genes included ABCB1 and ABCG2, which are expressed on the apical surface of syncytiotrophoblasts. Both proteins play an important role in effluxing drugs and environmental chemicals. 48 Expression of SCN7A, which is an atypical channel that, in neurons, senses Na levels in body fluids, 49 was also reduced. The downregulated category included the mRNA encoding neuroserpin (SERPINl1). This molecule, which has been best studied in the context of the nervous system, plays an important role in neuroprotection. It has also been found in amyloid plaques of patients with Alzheimer's disease, which suggests that, similar to PRG2, it can form aggregates that are toxic to cells. 50 Likewise, expression of FRZB, a secreted WNT inhibitor, was also downregulated as was CPS1, which catalyzes the first and rate-limiting step of the urea Trellis plot of the gene ontology of the differentially expressed messenger RNAs in enriched samples of syncytiotrophoblasts, invasive cytotrophoblasts, and endovascular cytotrophoblasts
The biologic processes that were affected by severe preeclampsia compared with noninfected preterm birth (P<.05). The number of differentially expressed genes is shown as tiles (red, upregulated; blue, down-regulated). Severe preeclampsia impacted immune cell functions, transport, metabolic pathways, and vascular development. Responses to vascular endothelial growth factor, transforming growth factor-beta, oxygen, and lipids were also altered. ajog.org OBSTETRICS Original Research cycle. 51 One consequence could be a decrease in nitric oxide production.
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IDO1, which metabolizes tryptophan to kynurenine, and KMO, which metabolizes the latter molecule, 53 were both down-regulated, which could compromise maternal immunosuppression. 54 
GSTA3,
another down-regulated mRNA, encodes a protein that is involved in the synthesis of testosterone and progesterone. 55 In other settings, it also functions as an antioxidant 56 . Finally, ERVFRD-1 (SYNCYTIN-2) was down-regulated at the mRNA level, which confirmed previously published results. 57 Supplementary Figure 4 is a heatmap of the global transcriptional profiling results for iCTBs in sPE vs nPTB. This was the only dataset that contained 4 samples because 1 of the sPE iCTB RNA preparations did not meet our RNA quality inclusion criteria. The mRNA encoding metallothionein 1G was at the top of the up-regulated list. Proteins in this family are involved in numerous cellular processes, including zinc ion homeostasis, detoxification of heavy metals, and protection against oxidative stress.
58 CXCL8 was also up-regulated. This chemokine, which is induced by proinflammatory cytokines such as TNFa and IL-1b, recruits neutrophils and granulocytes to sites of inflammation. 59 F8A1, which is nested within the largest intron of factor VIII, is transcribed in the opposite direction of the parent gene. 60 Although its function is unknown, it is interesting to speculate about an involvement in coagulation. HMOX1 up-regulation was consistent with its role in the vasculature and induction by hypoxia. 61 Deletion of a single copy of this gene in mice produces a preeclampsia-like syndrome.
62 HCAR2, the receptor for niacin, which is a powerful lipid modulator, 63 was also among the up-regulated mRNAs as was the receptor protein-tyrosine kinase ephrin B2, which we previously showed was up-regulated as cytotrophoblasts entered the uterine wall. 64 Overall, the list of genes that were differentially expressed in iCTBs was notable for the strongly down-regulated mRNAs it contained, which was the highest fold of any dataset in this study. This is in accord with the concept that cytotrophoblast differentiation along the invasive pathway is blocked partially in sPE. 10 The most down-regulated mRNA encoded a chemokine, CXCL9. Many of the differentially expressed genes encoded mRNAs that are specific to the placenta or enriched in this organ. They included GH2, several PSGs as well as CGA, CYP19A1, INSL4, LGALS13 (placental protein 13), and LGALS14 (placental protein 13 like). Other strongly down-regulated mRNAs included PDK4, which plays an important role in regulating energy homeostasis during extreme nutritional conditions. 65 Whether this is evidence of a loss of compensatory mechanisms remains to be determined. The mRNA encoding SVEP1, which is a ligand for integrin a9/b1, 66 was also in this group. Genetic variants of this molecule are associated with an increased risk of coronary artery disease and high blood pressure 67 ; a presumed loss of function mutation is associated with poor outcomes in patients with septic shock.
68 F5 mRNA was also down-regulated, which could be relevant to the fact that polymorphisms in this gene impart an increased risk of sPE. 69 Finally, decreased expression of the mRNA encoding the Notch ligand JAG1 was in accord with our previous description of a sPEassociated down-regulation of this molecule in iCTBs. 70 Many of the mRNAs in this category were placenta-specific or placentaenriched. They included LGAL13 and -14, which are part of a primate-specific cluster of galectin genes. Additionally, LGAL13, -14, and -16 are placentaspecific. Evidence suggests that they contribute to immune tolerance of hemiallogeneic trophoblasts by inducing apoptosis of T lymphocytes. 71 LGAL13 and -14 previously were reported to be down-regulated in sPE. 72 Their expression is controlled by transcription factors that regulate trophoblast differentiation and differential DNA methylation, which are mechanisms that go awry in sPE. 72 Supplementary Figure 5 is a heatmap of the gene expression patterns (sPE vs nPTB) of an enriched population of eCTBs that were microdissected from the endovascular compartment of spiral arteries. REN, which encodes renin, had the highest fold-up regulation in sPE. Thus, the eCTB subpopulation might play a role in the dysregulation of the renin-angiotensin system that is observed in preeclampsia. 73 This category of differential expression genes also included CHI3L1 (a glycosidase that is an important modulator of the tumor microenvironment), 74 VTRNA2-1 (which plays important roles in apoptosis), 75 HMOX1, and KDR (VEGFR-2), which we previously showed was down-regulated as cytotrophoblasts differentiate along the invasive pathway. 30 Its up-regulation in the context of sPE is consistent with deficits in eCTB differentiation. This category also included an mRNA that encoded a proline-rich protein, PRB1. In other settings, structurally related proteins have antibacterial activity. 76 The down-regulated genes included CGA, PSG1, and SHOOM3, which is essential for normal kidney development in mice. 77 We also found decreased expression of an mRNA that encodes ELOVL2, which is involved in the extension of long-chain fatty acids. In addition, the cell surface heparan sulfate proteoglycan, Glypican 3, was also expressed at lower levels. In hepatocellular carcinoma cells, this oncofetal antigen binds to Frizzled, thereby promoting WNT signaling, which stimulates growth. 78 Our data suggest that the opposite might be true in preeclampsia. The very low-density lipid receptor (VLDLE) was also in this category. In keeping with the faulty cytotrophoblast invasion that is a hallmark of preeclampsia, ADGRG2, which encodes a G protein-coupled receptor with a role in adhesion and migration, was also down-regulated. 79 The mRNA encoding ADAMDEC1, which protects the intestines from inflammation, was similarly downregulated. 80 Likewise, the expression of the atypical chemokine receptor ACKR2, which limits branching morphogenesis in the mammary gland, 81 was lower along with another 
Confirmation of the microarray results at the protein level
Tissue sections of placentas or the basal plate from pregnancies that were complicated by severe preeclampsia or noninfected preterm birth were analyzed. Chorionic villi or biopsy specimens of the basal plate were immunostained with an antibody that recognized the antigen of interest (green). Cytokeratin expression (red) enabled the identification of syncytiotrophoblasts, invasive cytotrophoblasts, and endovascular cytotrophoblasts. A, Widespread immunostaining for proteoglycan 2 was detected in severe preeclampsia. The signal was primarily in the cytokeratin-positive ajog.org OBSTETRICS Original Research component of the renin-angiotensin system, angiotensin I converting enzyme 2. Finally, we also observed down-regulation of JAG1. Gene set enrichment showed that a portion of the sPE-associated transcripts that were differentially expressed in the STB and the iCTB datasets were encoded by particular regions of the genome. STB genes were overrepresented in 2 areas: chromosomes 1p and 19q. Chromosome 6q contributed to the iCTB gene signature. Thus, our data suggested that these chromosomal locations could be drivers of the placental phenotype in sPE.
Differential mRNA expression carried over to the protein level
In these experiments, we used an immunolocalization approach that enabled simultaneous evaluation of the cell types that expressed a molecule and its potential functional relevance in terms of translating into expression differences at the protein level. Trophoblast identity was confirmed by co-staining with an antibody that was specific for cytokeratin. These results are shown in Figure 3 . The individual anti-cytokeratin immunolocalization patterns are included in an expanded version of this Figure (Supplementary Figure 6) .
With regard to the syncytium, widespread immunostaining for PRG2 (upregulated at the mRNA level) was detected in sPE. The signal was primarily in cytokeratin-positive STBs that form the surface of floating villi (Figure 3, A) . NPTB samples had much lower immunoreactivity. In keeping with the fact that this protein is toxic to cells, 39 caspase-3 immunoreactivity, which was evaluated in serial sections, tended to be in areas that had a strong PRG2 signal (Figure 3,  B) . This finding suggested that the enhanced expression of this amyloidogenic protein was associated with apoptosis. KELL (blood group antigen) expression was also confirmed as highly up-regulated in sPE (Figure 3, C) . Immunoreactivity was detected in the syncytium and the villous cores; in nPTB, staining was limited to the latter compartment. Likewise, anti-RDH13, which gave a strong syncytiotrophoblast signal in sPE, did not stain or reacted weakly with floating villi from the nPTB cases (Supplementary Figure 7 , A). FSTL3 was expressed primarily in the stroma of the control samples with a punctate pattern of immunoreactivity. In tissue sections of sPE placentas, a strong signal was detected in this compartment and in association with the syncytium (Supplementary Figure  7 , B). Conversely, as expected from the global transcriptional profiling results, immunolocalization of GSTA3 in the nPTB samples showed strong antibody reactivity, primarily in the syncytial layer, which was nearly absent in sPE chorionic villi (Supplementary Figure 7, C) . Likewise, the SERPINl1 signal was also reduced in the latter samples compared with the nPTB cases ( Supplementary  Figure 7, D) .
We used the same approach to confirm the expression patterns of the genes that were differentially expressed by the other trophoblast subpopulations in sPE. With regard to iCTBs within the superficial portion of the uterine wall, CXCL8 was expressed more broadly and gave a stronger signal in sPE vs nPTB (Supplementary Figure 7, E) . The opposite pattern was observed for GH2 and PLAC1 (ie, stronger immunostaining of invasive CTBs in nPTB vs sPE; Figure 3 , D and E). With regard to the endovascular compartment, renin was the most highly up-regulated mRNA. Immunolocalization of its protein product showed that endovascular CTBs reacted strongly with anti-renin in samples from sPE pregnancies; these cells gave a much weaker signal in nPTB (Figure 3, F) . In addition, widespread strong immunostaining of cytokeratinpositive perivascular cytotrophoblasts and cytokeratin-negative decidual cells was also detected. The latter pattern was much less prominent in the nPTB samples. 
Trophoblast misexpression of noneprotein-coding RNAs in sPE
The global transcriptional profiling data (Supplementary Figures 3e5) revealed the differential expression of many noncoding RNAs: long non-coding RNAs (lncRNAs), naturally occurring antisense transcripts, small nucleolar RNAs (snoRNAs; which chemically modify RNA structure), pseudogenes, and microRNAs. The number of unique transcripts from each RNA class that were profiled is shown in Figure 4 , A (left panel). The right panel is a summary of the number of RNAs in each class that was differentially expressed in sPE compared with nPTB. A 2-way ANOVA syncytiotrophoblast covering of floating villi. In contrast, immunostaining of noninfected preterm birth samples showed that proteoglycan 2 expression was primarily in the stromal cores of the villi. B, Consistent with the fact that this protein is toxic to cells, proteoglycan 2 immunoreactivity frequently colocalized with staining for CASPASE-3, which was absent in the noninfected preterm birth samples. C, KELL (blood group antigen) expression by syncytiotrophoblasts was confirmed as highly up-regulated in severe preeclampsia. Immunoreactivity was also detected in association with the villous cores. In noninfected preterm birth, staining was limited to the latter compartment. D, Human growth hormone 2 expression was down-regulated significantly among invasive cytotrophoblasts in severe preeclampsia compared with noninfected preterm birth samples. E, The same pattern was observed for placenta-specific 1. F, Endovascular cytotrophoblasts reacted strongly with anti-renin in samples from severe preeclampsia pregnancies, whereas these cells rarely gave a signal in noninfected preterm birth. In both cases, immunoreactivity was detected in association with cytokeratinnegative decidual cells. The arrows indicate the direction of cytotrophoblast invasion. Size bar ¼ 100 mm.
AV, anchoring villi; CASP3, caspase-3; eCBTs, endovascular cytotrophoblasts; GH2, human growth hormone 2; iCTBs, invasive cytotrophoblasts; nPTB, noninfected preterm birth; PLAC1, placenta-specific 1; PRG2, proteoglycan 2; SA, spiral artery; sPE, severe preeclampsia; STB, syncytiotrophoblast. showed that lncRNAs and snoRNAs were significantly differentially expressed in the case vs control samples (Figure 4, B) .
Next we sought independent means of confirming these results. In STBs, the lncRNA urothelial cancer associated 1 was the most highly differentially expressed non-coding RNA in STBs (elevated 6-fold in sPE vs nPTB; Supplementary Figure 3) . In situ hybridization confirmed this result (Figure 4, C) . As an additional control, samples of invasive bladder cancer (n¼3) also gave a strong signal (data not shown). Interestingly, this lncRNA, which is up-regulated by hypoxia, plays pleiotropic roles that include the inhibition of apoptosis. 82 Last, we asked whether there was complimentary evidence of snoRNA dysregulation in sPE. In this regard, we analyzed Cajal bodies, subnuclear organelles, and sites of snoRNA activity, 83 in primary cytotrophoblasts that are isolated from normal second-trimester or term placentas and in the equivalent cells that were purified from the placentas of women who experienced nPTB or sPE. The strategy was to visualize Cajal body foci by the immunolocalization of coilin, which serves as a scaffold for these structures and consequently, is required for their function 84 ; cytotrophoblast identity was confirmed by the immunolocalization of cytokeratin. The images are shown in Figure 5 , A. The upper panels are representative confocal micrographs, and the lower panels are representative images of Volocity analyses of Z-stacks. The results are quantified in Figure 5 , B. The number of Cajal body foci decreased as gestation advanced from second trimester to term. The nPTB samples had numbers that were equivalent to cytotrophoblasts at term. In contrast, cytotrophoblasts that were isolated from sPE placentas had nearly double the number of Cajal body foci as the normal second trimester cells and approximately 6-fold more than either the term or the nPTB cytotrophoblasts. Thus, these results were consistent with dysregulation at the level of snoRNAs.
Comment
Principal findings of the study
This study revealed the sPE-associated differential expression of many novel mRNAs by individual trophoblast subtypes that are found at the maternal-fetal interface. Because of the location of the cells, we think that the proteins they encode could play interesting and previously unappreciated roles in the pathogenesis of this condition. Because, the datasets also contained molecules that are proposed sPE biomarkers, we theorize that some of the differentially expressed molecules that we identified might also have utility in this regard. Finally, the results of this study suggested that a subset of noneprotein-coding RNAs, lncRNAs, and snoRNAs that play an important role in the modification of RNA structure were also misexpressed in sPE.
As to approach, we used a laser microdissection approach to isolate specific trophoblast subpopulations from the placentas of pregnancies that Differential expression of non-coding RNAs by trophoblasts: severe preeclampsia vs noninfected preterm birth A left, The number of unique transcripts from each RNA class that was profiled is shown; right, a summary of the number of RNAs in each class that were differentially expressed in severe preeclampsia compared with noninfected preterm birth is shown. B, A 2-way analysis of variance showed that long non-coding RNAs and small nucleolar RNAs were differentially expressed in severe preeclampsia compared with noninfected preterm birth. C, In situ hybridization confirmed up regulation, in syncytiotrophoblasts, of the long non-coding RNA urothelial cancer associated 1 in severe preeclampsia vs noninfected preterm birth. The asterisks indicate a probability value of <.05.
AV, anchoring villi; DE, differential expression; lncRNA, long non-coding RNAs; miRNA, microRNA; misc, miscellaneous; mRNA, messenger RNA; NATs, naturally occurring anti-sense transcripts; nPTB, noninfected preterm birth; snoRNA, small nucleolar RNAs; sPE, severe preeclampsia; STB, syncytiotrophoblast; UCA1, urothelial cancer associated 1. 
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were complicated by sPE. For comparison purposes, we used the equivalent cells that were microdissected from the placentas of nPTB cases. Previous studies that used laser microdissection and placental samples were aimed at protein analyses [85] [86] [87] [88] or particular mRNA targets. 89 To our knowledge, this is the first time that such an approach has been used with the goal of global transcriptional profiling. We reasoned that enriching for trophoblasts would amplify signals from these cells that are diluted by the other cell types that are present in biopsy specimens of placenta or the maternal-fetal interface.
Meaning of the findings for the understanding of preeclampsia
The results of this study enabled us to propose new theories that advance our understanding of the disease mechanisms underlying sPE that could be investigated in a research context. We think that the differentially expressed mRNAs and the biologic processes that they govern hold important new clues about the causes and consequences of trophoblast dysfunction in sPE. As to the non-coding RNAs, our data point to the involvement of at least 2 classes, lncRNAs and snoRNAs.
Research implications
The results of this study highlight particular RNAs the functions of which will be interesting to study in a research context. PRG2, which encodes major basic protein-1, was the most highly upregulated mRNA in STBs of sPE placentas. A previous reanalysis of placental gene expression data in early onset preeclampsia 90 also identified this mRNA as up-regulated. In contrast, downregulated levels in maternal serum during the first trimester have been proposed as a biomarker of adverse pregnancy outcomes. 91 PRG2 forms extracellular aggregates that damage cells. 92 It is possible that a portion of the placental diseases that are associated with sPE are attributable to enhanced expression, secretion, and aggregation of this protein. In this regard, STBs in regions of high PRG2 expression also immunostained for caspase-3 ( Figure 3 , A and B), which plays a central role in apoptosis. Thus, this protein may have autocrine effects at sites of its production in the placenta. Whether PRG2 aggregates dislodge from the placental surface, travel through the circulation, and Original Research OBSTETRICS ajog.org damage maternal cells remains to be determined. Additionally, the proform of PRG2 covalently complexes with pregnancy-associated plasma protein A and angiotensinogen, which compromises the activities of the latter proteins. 93 Our data strongly implicated FOS, FOSB, and JUNB and the AP1 complexes that the FOS/JUN dimers form as playing an important role in mediating STB responses to sPE. They are immediate early genes with expression undetectable in most cells under baseline conditions and rapid up-regulation in response to growth factor stimulation, DNA damage, or stress. 94 They also play important roles in development. For example, deletion of JUN results in midgestational embryonic lethality because of hematopoietic stem-cell apoptosis and heart and liver abnormalities. 95 JUNB null animals die before mid gestation because of placental abnormalities. 96 The numerous functions of AP1 transcription factor complexes are consistent with the concept that they play an important role in the broad STB dysfunction that is associated with sPE.
To our knowledge, the KELL blood group system has not been implicated in the pathogenesis of preeclampsia. We were interested to find that this antigen was up-regulated by STBs in sPE (Supplementary Figure 3) , which we confirmed by immunolocalization (Figure 3, C) . The KELL glycoprotein is expressed at cell surfaces disulfidebonded to another protein, XK. 97 This blood group system is highly polymorphic, consisting of 35 antigens; its immunogenicity is second only to the ABO and RhD systems. Additionally, KELL expression differs by race. The K2 genotype is expressed by 88e99% of most populations; K1 accounts for the rest of the individuals. 98 Anti-K1 alloantibodies can cause hemolytic anemia and, variably, hydrops in utero. 99 The mechanisms include suppressing fetal erythropoiesis in the marrow and hemolysis. 100 As to function, the K2 gene encodes a zinc endoproteinase that cleaves big endothelin-1 and -3; K1, which has a point mutation that deletes an N-glycosylation site and likely changes its tertiary structure, is inactive. 26, 101 Whether and/or how this might be relevant to the role of endothelin in the pathogenesis of preeclampsia 102 remains to be determined, as does the potential of certain combinations of mismatched KELL antigens to evoke a maternal immune response.
The iCTB transcriptomic dataset was notable for the strong down-regulation of gene expression in sPE compared with nPTB. This finding was consistent with our previous work that showed that this pregnancy complication is associated with a block in the differentiation program that leads to invasion. 30, 103 As shown in Figure 6 , many of the differentially expressed genes mapped to specific regions of chromosome 6q. This finding suggested the possible importance of future studies that would focus on this chromosomal location. Potential mechanisms of regulation, including promotor polymorphisms and epigenetic marks, could be of particular interest.
With regard to the endovascular compartment, renin was the most highly up-regulated gene. A great deal of work over many decades has gone into investigating the role of the circulating reninangiotensin system in preeclampsia. 73 The renin-angiotensin system, which plays a major role in regulating blood pressure, 104 is dysregulated in hypertension. Patients with preeclampsia have lower plasma renin levels 105, 106 and higher sensitivity to angiotensin II, 107, 108 which predates the appearance of the signs of this pregnancy complication. 109 Additionally, preeclampsia-associated dysregulation of placental and decidual renin-angiotensin system has been reported, which includes elevated levels of angiotensinogen, renin, and angiotensin-converting enzyme. 110 Our mRNA expression data and verification of this result at the protein level via immunolocalization were in accord with higher decidual expression of renin in sPE and extended its site of production to endovascular CTBs. Whether this is FIGURE 6 Gene set enrichment of the RNAs that were misexpressed in severe preeclampsia showed an overrepresentation in certain chromosomal locations Many of the messenger RNAs and non-coding RNAs that were differentially expressed in the syncytiotrophoblast and invasive cytotrophoblast datasets were encoded in specific regions of the genome, which suggests their importance to placental dysfunction in this pregnancy complication. The asterisk denotes a probability value of <.05. ajog.org OBSTETRICS Original Research the proform of the molecule, which is inactive, or the cleaved active form remains to be determined.
Finally, we found that the expression of non-coding RNAs was dysregulated in sPE (Figure 4, A) . Our findings are in line with reports from other groups that microRNAs are misexpressed in this condition. [111] [112] [113] [114] However, as with the differentially expressed mRNAs, we identified novel sPE-associated noncoding RNAs likely because of our study design, which targeted trophoblast subpopulations. They included urothelial cancer associated 1, which promotes cancer progression via its roles in regulating proliferation, apoptosis, and metabolism. 82 We speculate that its upregulation by STBs in sPE may be an attempt to promote cell survival by inhibiting apoptosis. Additionally, we found that the differentially expressed snoRNAs separated all the trophoblast cell types that we profiled in sPE from their counterparts in nPTB (Figure 4, B) . They are encoded in the introns of genes and processed out after pre-mRNA splicing. SnoRNAs undergo exonucleolytic trimming, which stops at their 3' and 5' ends. Their functions include modification of the structure of noncoding RNAs such as ribosomal and small nuclear RNA. 115 Dysregulated snoRNA expression led us to search for corroborating evidence. Thus, we asked whether sPE had an impact on Cajal bodies of cytotrophoblasts where snoRNAs function. 83 Specifically, Cajal bodies play an important role in site-specific modifications of small nuclear RNA, 2'-O-methylation, and pseudouridylation. Telomerase, which is a ribonucleoprotein complex with the latter modification, is also enriched in Cajal bodies.
116 Accordingly, we immunolocalized the Cajal body marker, coilin, in cytotrophoblasts that were isolated from the placentas of several groups: normal pregnancy (second and third trimester) and sPE and nPTB cases. We found an increase in Cajal body foci that was specific to sPE. Whether this is indicative of dysregulated functions of the splicesomal small nuclear and nucleolar riboproteins that are concentrated in these structures remains to be determined. For example, the ongoing synthesis of splicesomal small nuclear riboproteins is required to maintain the integrity of Cajal bodies, 117 which can also be perturbed by aberrations in proteolysis. 118 
Clinical implications
The results of this study also have implications in terms of their potential clinical utility. The sPE vs nPTB comparison for STBs revealed several molecules that have been or are being used as preeclampsia biomarkers. They included INHBA, FLT1, and ENG. Because tests based on these and/or other molecules work best in subsets of patients, they have not been adopted broadly. Their relatively low levels of differential expression (2.2e2.5-fold) could explain the reason. Conversely, the investigation of whether other more highly differentially expressed molecules in the STB and other datasets may have better predictive power as biomarkers could be interesting to explore in the future.
Strengths and limitations
The main strength of the study was the laser microdissection approach that we used, which enabled us to focus on gene expression in an enriched population of trophoblasts that lie at the maternal-fetal interface. Limitations included the fact that we focused on 1 narrowly defined subset of patients with sPE. This was a practical necessity, given the laborintensive nature of the laser dissection method that we used. For the same reason we had only 1 control group, nPTB samples. Therefore, it will be important to determine how broadly applicable our findings are among patients with preeclampsia as a whole. It will also be important to determine whether the differentially expressed genes are specific to this pregnancy complication or misregulated in other conditions, particularly disorders that are related to alterations in deep placentation. Finally, it will be important to determine the extent to which DNA methylation and other epigenetic marks drive the sPEassociated changes in trophoblast RNA expression that we observed. 119 
Conclusions
In summary, we used a laser microdissection approach to isolate specific trophoblast subpopulations from biopsy specimens of placentas from sPE and nPTB cases. Global transcriptional profiling enabled the identification of a number of novel misregulated transcripts, several of which were shown to be differentially expressed at the protein level. We also found evidence of sPEassociated disturbances in the production of non-coding RNAs. Thus, we think that this approach is a useful addition to the technologies that currently are being applied to understand trophoblast functions throughout normal pregnancy and in a variety of pregnancy complications. n
